S
plit cord malformation (SCM) or diastematomyelia is a rare form of closed neural tube defect in which the cord is longitudinally split to form double neural tubes or two hemicords in a single dural tube. Because of the codetermination in the embryonic developmental time of intraspinal anomalies and congenital spinal deformity, SCM is commonly associated with congenital scoliosis (CS). [1] [2] [3] [4] In 1992, Pang 5, 6 introduced a new classification for SCM; type I SCM is defined as two hemicords, each within a separate dural tube separated by a bony spur, whereas type II SCM is defined as two hemicords within a single dural tube separated by a nonrigid fibrous septum.
Several reviews of Scoliosis Research Society on mortality and morbidity, the surgery of congenital spine deformity was always reported as the most likely procedure to cause neurological compromise, particularly when there is a coexisting SCM. 7, 8 High potential rate of neurological compromise after instrumentation, possibly because of the tethering of the spinal cord, is a challenge for spine surgeon. The surgical decision in choosing corrective action, with or without neurological intervention, is the key point.
Traditionally, septum resection before any procedure for spinal deformity correction remains the golden standard [9] [10] [11] . In recent years, there is an assumption that type II SCM usually does not cause tethering and that neurosurgical intervention may be avoided, whereas excision of the bony spur is still recommended in cases of the type I SCM. [12] [13] [14] [15] . However, there is no adequate information yet about the management of type I SCM on the incidence of neurological compromise. 16, 17 Clinically, some patients with no or minor neurological deficits, may remain neurologically stable for their entire life. Do these patients really need prophylactic neurosurgery before scoliosis correction? Besides, neurosurgical complication remains a problem and two-stage procedures make correction surgery more difficult. 12, 18 Therefore, the neurosurgical intervention of type I SCM before scoliosis correction is still controversial.
To the best of our knowledge, there has been no study published with large sample on the evaluation of correction surgery for these two associated conditions. Therefore, the objective of this study is designed to investigate the clinical outcomes of different surgical strategy for congenital scoliosis patients associated with type I SCM, and thus to evaluate whether it is necessary to remove the bone spur before curve correction.
MATERIALS AND METHODS

Subjects
After obtaining approval from the institutional review board in our hospital, the medical records of the congenital scoliosis patients with type I SCM in our center undergoing scoliosis corrective surgery between May 2002 and February 2013 were retrospectively reviewed. Before surgery, each patient received a detailed neurological examination, including evaluations of sensory deficit, extremity muscle strength, abdomen reflexes, and tendon reflexes. Detailed histories were also carefully recorded to determine whether progressive neurologic deficits existed. And all patients underwent magnetic resonance imaging (MRI) and threedimension computer tomography (CT) of the whole spine to evaluate and classify the type of SCM. The following inclusion criteria were as follows: (i) diagnosed as CS with type I SCM; (ii) neurologically intact or stable over the past 2 years before corrective surgery; and (iii) with a minimum 2 years followup. Patients with previous spinal surgery or underwent vertebral column resection surgery were excluded.
Finally, a total of 82 CS patients with type I SCM who satisfied the aforementioned criteria were enrolled in this study. There were 20 male and 62 female patients with an average age of 13.8 years (4-39 yrs) at surgery. Because there is no agree-on standard for the neurosurgical intervention before scoliosis correction, the patients in this study were treated by different surgical strategies according to the spine surgeons' own experience. All surgical procedures were performed by one of the four experienced surgeons at our center. They were divided into two groups [the bony spur resection (BR group) and nonresection (NR group)] according to different surgical strategy of whether to remove bony spur before corrective procedure. In the BR group, five patients underwent staged prophylactic neurosurgical intervention and other 10 patients underwent one-stage BR before corrective surgery. BR was done by the neurosurgical team. A careful laminectomy was performed around the attachment of rigid septum. The spur was then dissected extradurally between the two dural sleeves and removed piecemeal by using small rongeurs and a high-speed drill. Fibrous adhesions were excised and dural sleeves resected. The dura mater was opened and the two dural tubes were rejoined into one by suturing lateral margins of both dural tubes at the midline. Then were completed the instrumentation and correction of the scoliosis. However, 67 patients in the NR group underwent one-stage correction surgery without dealing with bony spur. All surgeries were performed under combined motion-evoked potential (MEP) and somatosensory evoked potential (SEP) monitoring and, in addition, wake-up test was applied. Each patient's demographic characteristics and operative details, surgical outcomes, and complications were carefully recorded.
Radiological Measurement
Preoperative, postoperative, and the last follow up standing posteroanterior and lateral radiographs were evaluated by one independent observer. Coronal plane curves were measured by using the Cobb method. Apical vertebral rotation was measured according to the Nash-Moe method. Apical vertebral translation was defined as the distance between a plumb line from the midpoint of the apex and the C7 plumb line for the thoracic curve, or the central sacral vertical line for the lumbar curve on standing posteroanterior films. Trunk shift was defined as the perpendicular distance between the midpoint of the S1 and the plumb line drawn from the C7 plumb line on a standing posteroanterior radiograph.
Statistical Analysis
The statistical analysis was performed using SPSS 17.0 software for Windows (SPSS Inc., Chicago, IL). The differences between the two groups were compared using the independent sample t test and the x 2 test. Paired samples t tests were used to compare the changes of preoperative, postoperative radiographic measurements. Statistical significance was set at P < 0.05.
RESULTS
The BR group consisted of 15 patients (4 males and 11 females) with a mean age of 11.2 years (range, 5-22 yrs). The NR group was composed of 67 patients (16 males and 51 females) with the average age of 14.0 years (range, 4-36 yrs). Based on detailed history-taking and physical examination at presentation, 31 patients (37.8%) with preoperative neurological symptoms or signs were identified (details in Figure 1 ). All patients were ambulatory and their neurological status were intact or stable before surgery. There no statistically significant differences in preoperative characteristics between two groups (P > 0.05) ( Table 1 ).
In the BR group, five patients underwent staged prophylactic neurosurgical intervention and other 10 patients underwent one-stage BR before correction surgery. Pedicle subtraction osteotomy (PSO) were performed in two patients, hemivertebra resection in two patients, and posterior instrumentation and fusion in other 12 patients. Whereas in the NR group, all patients underwent correction surgery without dealing with bone spur. In this group, PSO were performed in three patients, hemivertebra resection in five patients, dual growing rods in one patient, and posterior instrumentation and fusion in other 58 patients. The mean operation time was 334.1 minutes (range, 225-480 min) in the BR group and 279.9 minutes (range, 155-600 min) in the NR group. The average estimated blood loss was 1233.3 mL (range, 400-3500 mL) in BR group and 772.4 mL (range, 150-2600 mL) in the NR group. The duration of surgery and blood loss were significantly higher in the BR group than that in the NR group (P < 0.05). The average follow up was 37 months (24-105 months) ( . Though the correction rate was lower in the NR group than in the BR group, there were no statistical differences between two groups (P > 0.05) ( Table 1) . In both groups, apical vertebral rotation and apical vertebral translation were much better after corrective surgery. Moreover, trunk shift was significantly diminished in both groups after operation, which demonstrated the spine balance improved ( Table 2 ).
For the entire 82 patients studied, one patient in BR group and four patients in NR group experienced transient neurological complications, including sensory deficit, radiating pain and weakness in the lower extremity (details in Table 3 ). All these patients completely recovered within 4 months after surgery. There were no statistical differences between two groups with regard to the postoperative neurological complication rate (P ¼ 0.322). However, one patient in the BR group suffered permanent fresh neurological deficit. This is a 17-years old female patient, who had claudication for 2 years before surgery. She underwent one-stage BR and posterior corrective surgery. During the surgery, the signal of spinal cord monitoring remained unchanged, but her weakness in right lower extremities worsened with loss bladder control after surgery. Her postoperative CT and MRI examinations did not reveal any improper location of pedicle screws or hematoma, thus the neurological compromise was attributed to the procedure of BR. Her muscle strength of lower extremity was restored to her preoperative neurological status at three months postoperatively, but still with incomplete loss bladder control at the last follow up.
Pulmonary complication was the second common postoperative complications that includes hydrothorax and pneumothorax (two cases in the BR group and three cases in the NR group). One unplanned surgeries were performed During the follow up, no patients' neurological status deteriorated. An example case is showed in Figure 2AB .
DISCUSSION
The treatment of congenital scoliosis with coexisting SCM is a challenge for the spine surgeon. In the past, it is golden standard that the spur associated with SCM should be removed before any procedure that might cause traction on the spinal cord. 2, 5, 9 However, as the pathology of SCM has become better understood, this common view has recently been challenged. Some surgeons had reported that neurosurgical intervention could be avoided in patients with type II SCM and perform one stage correction surgery. intraspinal anomalies as a prophylactic measure in all children younger than 6 years with CS, regardless of their neural status. However, excision of the spur did not result in dramatic improvement in neurological status. Similarly, Miller et al 19 reported that 33 patients underwent resection of the spur. Of these patients, 22 cases (66.7%) had no change in neurological condition, one patient even had symptom worsen after the operation. More importantly, neurosurgical intervention is not risk free. The literatures had reported that the risk of neurological deterioration, cerebrospinal fluid leakage, and infection after neurological intervention are approximately 7% to 31%. 12, 18 Many years ago, we had noticed that corrective surgery in congenital scoliosis patients with type I split cord malformation could be safe if the correction rate was controlled in a rational range. In daily life, these patient could do lateral bending, flexion, or extension, in which spinal cord distracted even though without any neurologic symptom occurred. So is it really necessary to remove the bony spur before corrective surgery? To address this question, we made this retrospective study to compare the safety and efficacy of different surgical strategy for CS patients associated with type I SCM. To the best of our knowledge, this study enrolled the largest cohort of CS patients with type I SCM so far.
In the current study, patients in both group only had minor or stable neurological deficits preoperatively and there were no significant differences between two groups. In the BR group, all patients underwent neurosurgical intervention to resect the bony spur prior to corrective procedures. After removing bony spur, it is technically more safe to perform spinal column osteotomy and achieve better spinal deformity correction rate (53.0% and 45.9% at the final follow up). However, staged neurosurgery exposes the patients to the risks of surgery and anesthesia more than once. In this study, we also found the procedure of BR increased the duration of operation and blood loss. Moreover, previous reports had revealed the regrowth of septal spur in SCM after primary excision. 20, 21 Above all, the iatrogenic neurological injury still existed. Two patients (13.3%) had neurologic deterioration and one of them suffered permanent neurological damage of incomplete loss bladder control. Spinal fluid leakage was also observed in one patient in this group.
In contrast, 67 patients in NR group underwent one-stage scoliosis corrective surgery, leaving the bony spur in situ. Preoperatively, they had no neurological deterioration during the routine examination of side-bending or fulcrum bending radiography. In our opinion, for these patients with intact or nonprogressive neurological status, the split cord may have much space around to accommodate bony spur during the deformity correction. Therefore, it is not necessary to remove bony spur before curve correction. Patients can be treated safely without taking the risk of iatrogenic neurological deterioration. Despite the correction rate was relatively lower in NR group (48.5% and 42.1% at the last follow up), there were no statistical differences between two groups and it is comparable with the previous reports on patients with type I SCM. 13, 14 Furthermore, the most important issue for these patients is to arrest the progression of scoliosis and deterioration of neurological damage, rather than pursuing complete scoliosis correction. More importantly, no patients' neurological status deteriorated during the long-term follow-up period. After spinal correction and fusion surgery, the development of the spinal deformity is halted. The stretch force, resulting in the functional disorder of spinal cord, is thus also decreased or stable.
For the patients in the NR group, their postoperative neurological status was stable at the follow up. Whereas in the NR group, after surgery, one case showed improvement in motor power and another case experienced sensory improvement. The neurological status was unchanged in 11 (73.3%) patients, whereas two patients even had postoperative neurological deterioration. Compared with the BR group, the neurological complication rate in the NR group was relatively lower and all neurological deficits were transient with a short period of recovery. These findings indicated that one-stage corrective surgery, even in patients with type I SCM that was traditionally considered neurological risky, could be safe without the resection of bony spur. In addition to the better understanding of the pathology of SCM, we attribute these satisfactory clinical outcomes of corrective surgery to several reasons. First, during the past decades, the evolvement of instrumentation systems, which allow correction without distraction, has greatly improved the safety of treatment of congenital scoliosis. Second, the changes in the surgical skills encouraged spine surgeons to perform a shortening column procedure such as hemivertebrectomy or pedicle subtraction osteotomy to avoid distraction of spinal cord during correction. Third, spinal cord monitor played a significant role in preventing neurological complication during correction procedures. In our practices, intraoperative spinal cord monitoring, combined MEP and SEP, and wake up test were administered in each patient.
Limitation to this study is its retrospective nature. In the future, a prospective and multicenter study is needed for the surgical management of congenital scoliosis accompanied by type I SCM. In addition, more attention should be given to evaluate these patients' health related quality of life after corrective surgery, instead of just focusing on improving the correction rate.
CONCLUSION
In conclusion, it is important to emphasize that one-stage corrective surgery could be safe and effective for patients with congenital scoliosis and type I split cord malformation. The current study, with the largest cohort to date, challenged the traditional surgical strategy for the management of type I SCM in CS patients. For these patients with intact or stable neurological status, prophylactic neurosurgical intervention to remove bony spur before curve correction may not be necessary.
Key Points
Congenital scoliosis associated with type I split cord malformation is a challenge for spine surgeon because of the high potential rate of neurological compromise. Traditionally, BR has been indicated before any procedure for scoliosis correction. Prophylactic neurosurgical intervention increases the duration of operation and blood loss. Furthermore, its neurosurgical complication remains a problem. For patients with intact or stable neurological status, one-stage corrective surgery could be safe and effective without the resection of bony spur. The current study, with the largest cohort to date, challenged the traditional surgical strategy for the management of type I split cord malformation in congenital scoliosis patients.
